We present a study of the structural and electronic properties of ultra-nanocrystalline diamond films that were modified by adding nitrogen to the gas mixture during chemical vapour deposition growth. Hall bar devices were fabricated from the resulting films to investigate their electrical conduction as a function of both temperature and magnetic field. Through low-temperature magnetoresistance measurements, we present strong evidence that the dominant conduction mechanism in these films can be explained by a combination of 3D weak localization (3DWL) and thermally activated hopping at higher temperatures. An anisotropic 3DWL model is then applied to extract the phase-coherence time as function of temperature, which shows evidence of a power law dependence in good agreement with theory.
I. INTRODUCTION
The excellent mechanical, thermal and chemical properties of diamond make it a promising semiconductor for device applications when suitably doped. Ultrananocrystalline diamond (UNCD) can be formed on various substrates and the conductivity level and type can be modified by adding a dopant gas during plasma-enhanced chemical vapour deposition growth of the films. For instance, incorporation of boron atoms into the chamber during CVD growth results in films that exhibit p-type conduction, and even superconductivity when doped at sufficiently high concentration 1 . Similarly, the introduction of sulphur 2 or phosphorus 3 during the CVD process has been shown to result in n-type conduction. Ultrananocrystalline diamond has been doped previously by the addition of nitrogen gas during the growth 4 , resulting in a material with conductivity orders of magnitude higher than its intrinsic counterpart. In such nitrogen incorporated UNCD (N-UNCD), n-type conduction is observed 5 , with a conductivity of as high as σ = 143 S/cm at room temperature. The N-UNCD films consist of grains in both the pure diamond phase (sp 3 -bonded carbon), as well as disordered carbon at the grain boundaries having mixed sp 2 and sp 3 bonding 6 . The exact origin of the n-type conductivity in N-UNCD films is not yet fully understood, a knowledge gap that still exists today. It is however believed that the high electrical conductivity is due to a disorder induced change of the carbon bonding configuration 7 .
Several studies on transport mechanisms in UNCD with n-type conduction have been reported. Above > 4.2 K 5 , or > 10 K 8 hopping or other thermally activated conduction mechanisms dominate.
Twodimensional localization has also been identified to contribute to carrier transport 9 in this temperature range. However, little data exists below 4 K and the conduc-tion mechanism in this regime remains an open question. Some previous investigations near 1 K have indicated a dependence of conductivity on sample morphology, with anisotropic weakly localized transport supported by superlattice-like models of the N-UNCD structure 10, 11 . We show that the morphology has a significant effect on the conductivity, and that studies indicating values of conductivity and an anisotropy parameter (described Section III B)w contradict our present work by a factor of up to two orders of magnitude.
In this work we are able to show that a 3DWL mechanism dominates conduction in the relatively unexplored sub-Kelvin regime. We study the electrical conductivity of Hall bar devices fabricated from N-UNCD films with differing nitrogen content incorporated during the CVD growth, and investigate the temperature dependence of the conductivity and magnetoresistance as low as 36 mK. This represents a significant improvement on previous results. In addition to determining the conduction dependence on the N gas content during growth, two conduction regimes are identified. We confirm that hoppingtype conduction dominates at high temperatures, and 3D weak localization dominates in the millikelvin regime. These detailed electrical measurements allow the phase coherence length to be calculated, whose temperature dependence further elucidates the fundamental electrical transport mechanism in these films. The ultra-low temperatures attained in the measurements presented in this work, combined with a detailed theoretical analysis, allow us to present strong evidence for an anisotropic 3DWL model. were deposited on commercially sourced UNCD plates 12 . The electrically insulating UNCD substrates have a typical diamond grain size of 3-5 nm and were grown on conventional oxidized silicon wafers. Through cross-sectional SEM analysis, we measured the oxide (SiO 2 ) layer to be ∼700 nm thick, with a ∼780 nm thick UNCD layer at the surface. An iPlas Cyrannus microwave PECVD reactor (Innovative Plasma Systems GmbH) was used to grow the N-UNCD films using a gas mixture of 1% CH 4 , x% N 2 , and (99 − x)% Ar, where x represents the nitrogen level in the gas feed stock. Samples were fabricated using nitrogen levels of 5%, 10%, and 20%. During growth, the chamber pressure was controlled at approximately 80 Torr, the microwave power at 1250 W, and the substrate temperature at 800 • C. The thickness of the resultant films was measured by SEM to be approximately 940 nm.
For accurate electrical characterization, the as-grown films were then processed into Hall bar shaped device architectures with 400 µm long channels. The results presented herein were measured on devices having a 10:1 length-to-width ratio in the case of the 10% and 20% samples, and a 1:1 length to-width ratio for the 5% sample. The Hall bars were fabricated using a combination of photolithography and dry etching. An evaporated chromium layer was used as a hard mask to protect the as-grown N-UNCD films during deep reactive ion etching (DRIE). A diamond-compatible DRIE process based on a gas mixture of SF 6 and O 2 was used followed by the removal of the mask by wet chemical etching in a mixture of perchloric acid and ceric ammonium nitrate. A second photolithographic step was then used to create a mask for electrical contact evaporation onto the N-UNCD Hall bar. Titanium was evaporated through the shadow mask to a thickness of 20 nm, followed by 100 nm gold in order to create ohmic contacts. Samples were mounted in a chip carrier and electrical contact was made using aluminium wedge wire bonding.
The electrical characterisation was performed in a cryogen-free dilution refrigerator (CF-450 from Leiden Cryogenics) with a base temperature of 20 mK and equipped with a superconducting vector magnet to provide a magnetic field at an arbitrary angle relative to the film surface. A Keithley 238 source measurement unit (SMU) was used for all electrical measurements together with a low-noise Stanford Research Systems (SRS) 560 voltage pre-amplifier. For transport measurements, a source-drain current I SD is generated by the SMU and passed through the Hall bar channel. The resultant source-drain voltage (V SD ) is recorded, allowing the calculation of the 2-terminal device resistance R 2T .
To determine the resistivity of the Hall bar channel (avoiding contributions from contacts and other sources of series resistance), the longitudinal voltage drop V xx along the channel is measured using a low-noise voltage pre-amplifier (LNA) in differential input mode, and an Agilent 34410A digital multimeter. The transverse voltage drop across the channel, V xy , is measured simultaneously in the same way in order to detect the Hall voltage generated when a magnetic field is applied perpendicular to the substrate.
Magnetoresistance measurements were performed with a DC magnetic field applied perpendicular to the Hall bar channel, swept from -6 to +6 T at sufficiently low ramp rates to avoid eddy current induced heating. The magnetic field sweep was also performed in the reverse direction to ensure the data is not subject to magnetic hysteresis or thermal effects. Measurements were performed using DC current-voltage analysis because, unlike AC detection methods, it can reveal non-linear features in the I-V curves at low temperatures. These features may be attributed to the formation of Schottky barriers between metallic and semiconducting regions of the device.
A. Results
Structural measurements
Before turning to the electrical measurements we briefly consider the morphology of the N-UNCD films described above using scanning electron microscopy (SEM) and transmission electron microscopy (TEM), respectively. Typical SEM images of the surface of the 5%, 10% and 20% N-UNCD films are presented in Fig. 1 and show a dependence on the N content used during growth. Compared to the 5% N-UNCD film which exhibits rounder features, the 10% and 20% N-UNCD films appear to consist of sharper or more needle-like features in agreement with previous observations [13] [14] [15] . In the cross-sectional SEM image, c.f. Fig. 2 (b) and 2(c), this coarse morphology is contrasted with the underlying substrate of intrinsic UNCD, which appears smooth due to the resolution limit of the SEM preventing individual nano-scale diamond grains from being distinguished. While the large scale morphology of the 10% and 20% samples appears relatively similar, the increase of nitrogen content in the CVD gas mixture is well correlated with an increased fractional volume of the grain boundaries, and an increased fraction of sp 2 bonded carbon in the grain boundaries 16 . It is this increase in nano-scale grain boundary thickness and chemical bonding which leads a change in electrical conductivity in UNCD as a function of N content. Interestingly, in Ref. 13 , evidence was found for the formation of nanowires with superlattice sub-structure in the plane of the diamond crystal when the concentration of nitrogen was increased in the CVD feed gas. We observe similar structure in our samples, which can be clearly seen in the high-resolution TEM image Fig. 2(d) . The dendritic growth originates from the seed nanodiamonds at the surface of the SiO 2 layer 17 , forming vertically oriented needle-like structures that are continuous through the UNCD and N-UNCD layers. From the TEM image Fig. 2 (e) an estimate of the N-UNCD grain size can be made by examining the clear fringes corresponding to grains whose {111} lattice planes are parallel to the incident imaging electron beam 18 . Distinguishable grains are visible against the low contrast background having dimensions of approximately 5 nm on average, a value which is entirely expected based on the size of the seed nanodiamonds used to grow the UNCD film on the SiO 2 layer. Despite the presence of N during CVD growth, corresponding changes in the concentration of nitrogen in the diamond bulk were not detected despite extensive further characterisation with Raman, Rutherford backscattering (RBS) 19 , X-ray photoelectron spectroscopy (XPS) and energy dispersive X-ray spectroscopy (EDX) measurements (not shown). Although it has been shown previously that N is incorporated to a small extent in the UNCD film 4 , our data agrees well with secondary ion mass spectrometry (SIMS) and resonant nuclear reaction analysis (RNRA) investigations of N-incorporation in N-UNCD films 20 . Thus, we conclude from our data that the dominant effect of N incorporation in the gas feed during CVD growth is to change the nanoscale morphology of the UNCD film, rather than the atomic composition of the diamond nanoparticles as such.
Thus, for the following electrical measurements, we assume a 3D conducting material behaving in a bulk-like fashion, where conduction may be a product of the grain boundary character. Figure 2 shows a schematic of the electrical setup used to investigate conduction in these films, along with an 3D optical profilometer image of the 10% N-UNCD Hall bar. The room temperature I SD -V xx traces (taking into account material thickness and Hall bar geometry) were found to be linear (non-rectifying) and for the 5, 10, and 20% N samples gave a 4-terminal conductivity of 0.01, 1.26 and 11.44 S/cm, respectively. Similar trends for N-UNCD have been reported previously 21, 22 .
Electronic transport
The temperature dependence of the conductivity for the three samples is shown in Fig. 3 . For all films a drop in the conductivity with decreasing temperature is observed especially below 50 K. The same data set is plot as reciprocal temperature vs. the natural logarithm of conductivity in Fig. 3 (b) to highlight the similarity in the trends for the 10 and 20% samples. The 5% N-UNCD film displays a different dependence on temperature and reduces its conductivity much faster than the other films. Furthermore, the 5% N-UNCD film un-dergoes a carrier freeze out at around 40 K, exhibiting a resistance R 4T > 100 GΩ, exceeding the limits of our DC measurement capability. In contrast, the 10% and 20% N-UNCD films stay conductive down to the milli-Kelvin regime, which suggests their carrier concentration is above the metal-insulator-transition.
Temperature-dependent conductivity of the N-UNCD films. (a) Conductivity is normalised to the room temperature (293 K) value and plotted as a function of temperature (b) The natural logarithm of the raw conductivity (not normalised) is plotted as a function of reciprocal temperature. A source-drain current of 10 nA was used for the measurement.
For temperatures below approximately 1 K, the otherwise linear I-V curves of the 10% and 20% N-UNCD films begin to exhibit unexpected non-linear behaviour in both a 2-terminal and 4-terminal configuration. An example series of I-V curves as a function of temperature for the 20% sample is shown in Fig. 4 . Although the contact resistance determined through current-voltage measurements increases as the sample is cooled, the I-V curves remain highly linear and symmetric down to low temperatures. We do not expect the non-linearity that arises is due to a Schottky-like barrier as it is symmetric with respect to bias voltage. The power dissipated in the sample by Joule heating is also negligibly small compared to the cooling power of the cryostat, and thus the behavior cannot be attributed to localised heating effects.
Similar non-linear I-V behavior has been seen previously in other disordered systems such as graphene nanoribbons 23 , carbonized polymer fibers 24 , and semiconductor nanocrystal solids 25 . The voltage threshold, evident in the I-V curve at low temperature, is attributed to a transport gap due to a Coulomb blockade (CB) effect 26 , where electron charge localises in a 3D network of insulating islands surrounded by a conducting grain boundary. For this effect to be observed, the temperature must be lower than the charging energy e 2 /2(C 0 + 9C i ), related directly to the self-capacitance C 0 = 4π 0 r of the nanocrystalline islands of radius r, and mutual capacitance C i = 2π 0 r ln [(r + d)/d] between islands separated by a distance 2d 27 . The factor of 9 in the denominator arises from the assumption of an average of 9 nearest neighbours per grain 28, 29 , and r is the permit-tivity of the grain boundary or tunnelling barrier. Applying this Coulomb blockade model to our system, assuming the dielectric constant of diamond r = 5.5 is valid, and using the average grain size 2r = 5 nm, and grain separation 2d = 2 nm determined by TEM ( Fig. 2(e) ) and consistent with the literature 30 , we compute the temperature corresponding to this charging energy to be approximately 80 K. However, the voltage threshold in the I-V curve (or transport gap) is only seen to arise at below ∼500 mK in the N-UNCD samples.
Given the high confidence in the grain and grain boundary dimensions, it is apparent that the assumed value of r is not valid. We provide further evidence and discuss in detail the non-validity of r in Section III A, but note here that an effective value of r = 878 leads to the experimentally observed Coulomb blockade threshold temperature of ∼500 mK. Given the clear energy barrier at low bias, which leads to complicated non-linear I-V behavior, we herein only describe results with the Hall bars biased in the linear regime, i.e. I SD > 10 nA. The current was selected to be as low as possible in the linear regime to prevent resistive (self) heating.
Low-temperature magnetoresistance
The effect of a perpendicular magnetic field B Z on the 4-terminal resistance R 4T , i.e. the magnetoresistance, was investigated for the N-UNCD films. The result of these measurements is shown in Fig. 5 comparing the 10% and 20% N-UNCD films at two different temperatures. The results presented used bias currents of 50 nA and 20 nA, respectively, but we did not find any bias dependence of the results when operating above approximately 10 nA, i.e. above the nonlinear region of the IV curve. The magnetoresistance is defined here as (R xx − R 0 )/R 0 , with R xx = R 4T the field-dependent resistance, and R 0 the film resistance with zero applied magnetic field at the temperature specified.
Normalized resistance change as a function of magnetic field for the 10% (squares) and 20% (circles) N-UNCD films at ∼ 4 K (blue/red) and 36 mK (black/green). The response of the 10% sample at 4 K was similar to that of the 20% N sample.
The data show a weak localization (WL) effect in both the 10% and 20% N-UNCD films that becomes much stronger with decreasing temperature, as expected by virtue of its quantum mechanical origin. The WL effect is characterized by a negative magnetoresistance (NMR) 31 , resulting in a peak of the (normalized) resistance at zero field (as opposed to a positive magnetoresistance observed in p-type diamond 32 layers). Interestingly, the WL peak is much stronger for films grown with a higher nitrogen concentration. Unlike previous publications, which have only measured MR above 4 K, here we were able to extract the magnetic field dependence at temperatures as low as 36 mK where the MR effects are much more pronounced. This facilitated a detailed analysis of the fundamental transport properties of 10% and 20% N-UNCD films. It is worth noting that for such large MR values the magnetoconductance fails to be equal (by approximation) to the inverse of the magnetoresistance.
As we will show in Section III, by fitting the magnetoresistance data with a 3D weak localization model, it is possible to extract the phase coherence length L φ , a parameter characteristic of the strength of this quantum mechanical effect. Furthermore, by repeating this procedure at a range of temperatures we extract the temperature dependence of the phase coherence length, which is predicted to scale as a power law in the case of 3DWL. We then compare the functional dependence of L φ with the temperature dependence of the conductivity, which is also predicted to follow a power law, to examine how consistently these theoretical models agree.
III. DISCUSSION AND ANALYSIS
A. Temperature dependent conductivity
The functional dependence of the conductivity on temperature for the 10% and 20% N-UNCD samples, is shown in Fig. 6 . In the high-temperature limit, the 10% N-UNCD sample shows a linear relationship between the natural logarithm of the conductivity and the inverse square root of the temperature. This T −1/2 power law corresponds to a dielectric response often seen in granular materials 33 . Electrical conduction in the dielectric regime of granular metals results from transport of electrons by thermally activated tunnelling (hopping) from one isolated grain to the next. At sub-Kelvin temperatures this type of hopping mechanism is suppressed and a different transport mechanism dominates. Note that this functional temperature dependence is also characteristic of the Efros-Shklovskii (ES) variable range hopping model, which accounts for a Coulomb gap, a small jump in the density of states near the Fermi level due to interactions between localized electrons. In contrast, the 20% N-UNCD sample shows a linear relationship between ln(σ xx ) and T −1/4 , again indicating variable range hopping (VRH), but this time of the Mott-Davis (MD) kind. However, at sub-Kelvin temperatures this type of hopping is also suppressed and a different transport mechanism becomes apparent.
The fitting functions for the 10% and 20% N-UNCD samples c.f. Fig. 6 correspond to Eqn. 1 and Eqn. 2, respectively:
where σ ES , T ES and σ M D , T M D are fitting parameters whose values can be found in Table I . The preexponential factors σ ES and σ M D are assumed to be independent of temperature.
Note the subtle difference in the exponent between the two equations. In summary, the 10% N-UNCD sample exhibits an Efros-Shklovskii 34 From the fits to the experimental data, we extract a characteristic temperature T ES = (3.374 ± 0.02) 2 = 11.383 K for the 10% N-UNCD sample, and a conductivity pre-factor of σ ES = 2.275 ± 0.02 S/cm. The value of the characteristic temperature T ES along with the dielectric constant of the material r can be used to derive an estimate for the localization length ξ ES using Eqn. 3.
With T ES = 11.383 K and using the value of relative permittivity for diamond ( r = 5.5), we derive a localization length of ξ ES = 745 nm. This value is questionably large when compared to the film thickness (∼1 µm), which may be explained by the choice of dielectric constant. Published values of the dielectric constant of diamond are typically close to what we use here, however values between r = 3.57-w.5 have been reported 36 . It should be noted however that r for nitrogen incorporated UNCD is expected to be different from intrinsic diamond in a bulk sense, perhaps significantly so, as a relatively large volume fraction of the material is made up of the grain boundaries where electric transport occurs. These grain boundaries incorporate a high density of defects, conductive non-diamond carbon phases, and other impurities such as trans-polyacetylene. Given that conduction does not occur in the intrinsic diamond grains, and instead wholly in the grain boundaries, it is clear that an effective dielectric constant for this region must be used. Values for the dielectric constant of N-UNCD in the literature are not commonly found, though values for microcrystalline diamond as high as r = 60.3, and nanocrystalline diamond as high as r = 3003 have been reported 37 . In addition, it has been shown previously that granular materials exhibiting hopping conduction in the vicinity of a metal-to-insulator transition undergo a divergence of the dielectric constant 38 . By instead fixing the localization length ξ ES to the average N-UNCD grain size determined by TEM analysis to be approximately 5 nm (see Fig. 2(e) ), Eqn. 3 gives an effective dielectric constant of r = 822, which is within the range seen previously in nanocrystalline diamond, and consistent with the value for r derived from our Coulomb blockade analysis of the I-V behavior of the sample. Alternatively, taking the value of r = 879 derived from the CB analysis, a localization length of ξ ES = 4.68 nm is computed, which closely matches the measured average grain size and thus the expected localization length. We therefore consider this compelling evidence that the effective dielectric constant in the N-UNCD grain boundaries diverges considerably from the value of intrinsic diamond at the extreme of low temperature.
The Efros-Shklovskii VRH model also provides an estimate of the (temperature and ξ ES dependent) average hopping distance, and average hopping energy:
Using the localization length of 4.68 nm, these result in an average hopping distance R ES hop = 3.22 nm, and energy W ES hop = 145 µeV at a temperature of 1 K. Furthermore, a value for the Coulomb gap width ∆ CG can be obtained using Eqn. 6:
Another estimate of the Coulomb gap width can be obtained independent of the density of states and relative dielectric constant with:
Using Eqn. 7 results in a value for the Coulomb gap of ∆ CG = 151.57 µeV.
From the fit to the temperature dependent conductivity data for the 20% N-UNCD sample, we extract a characteristic temperature T M D = (4.682 ± 0.04) 4 = 478.0 K and a conductivity pre-factor of σ M D = 57.3 ± 0.2 S/cm. The characteristic temperature T M D can be used to derive an estimate for the density of states at the Fermi level N (E F ), after fixing a value for the localization length ξ M D . When we fix the value of the localization length to match the typical N-UNCD grain size of ξ M D = 5 nm, we find a density of states at the Fermi level of N (E F ) = 2.18 × 10 46 J −1 m −3 or 3.49 × 10 21 eV −1 cm −3 . From Hall measurements, using a sensitive AC lock-in amplifier technique, we estimate an electron carrier density of n 3D ≈ 1.1 × 10 19 cm −3 in this material at 0.2 K together with an associated carrier mobility of µ ≈ 1.8 cm 2 /V·s, resulting in an elastic scattering time τ 0 = µm * /e = 0.57 ps, with m * = (1/18)·m e .
Additionally, an estimate of the average Mott hopping distance and average Mott hopping energy can be made within the Mott-Davis VRH theory (which is again temperature and ξ M D dependent) using Eqn. 8 and Eqn. 9:
This results in values of R In the low-temperature regime however, we expect that Anderson localization -possibly in combination with electron-electron interactions -may dominate electronic transport, with thermally activated hopping mechanisms being suppressed. Since we are dealing with films much thicker than the elastic mean free path, we consider bulklike transport in the N-UNCD devices, rather than a (quasi) two-dimensional type of transport similar to that reported previously 9 . Therefore, in the low temperature limit we employ a 3D weak localization (3DWL) model to fit our data following Eqn. 10: with σ 0 , a and p the fitting parameters. Here, σ 0 is again assumed a temperature independent constant, a represents a localization length and p determines the exponent of the power law and comes from the scaling theory of localization and Coulomb interaction model 39 . It should be noted that this exponent makes a difference in the temperature dependence of the weak localization effect (T p/2 ) for the 3D case. For 2D systems, the temperature dependence ln(T ) is always the same, i.e. independent of p. The theoretically predicted values for p can be found in Ref. 39 and are given as p = 1.5, 2 or 3, depending on whether electron-electron scattering is in the dirty vs. clean limit or whether electron-phonon scattering dominates the inelastic scattering rate, respectively. Furthermore, the inelastic scattering time, defined as τ φ ∝ T −p , p > 1, directly determines the Thouless length 40 through L T h = Dτ φ , with D the diffusion constant. The Thouless length represents the mean distance between successive inelastic scattering events suffered by a charged particle in a diffusive conductor. Or stated differently, the Thouless length represents the distance over which a charged particle travels without losing its quantum-mechanical phase information, responsible for the weak localization effect through self interference.
In this work, we refer to this Thouless length scale as L φ and it is our aim to determine the value of p from electrical (magneto)transport measurements. The extraction of the value of p allows us to identify whether the electrical conduction at low-temperature is indeed 3D and if it is dominated by localization as opposed to electronic Coulomb interactions 41 . Finally, it allows us to compare the electronic transport properties of our N-UNCD films with results from other researchers. In general, for 3DWL and a material that can be treated as a bulk dirty metal (characterized by k B T < /τ 0 , where τ 0 is the elastic scattering time), the parameter p > 1 in Eqn. 10.
We fitted our conductivity data of the 10% and 20% N-UNCD films in the sub-4 K temperature regime according to the available theories dealing with Anderson localization, electron-electron interactions and electronic screening functions outlined in Refs. 10,42-44 (see Fig. 7 ).
Since the e-e interaction term is independent of magnetic field but the weak localization term is not 43 , performing magnetoresistance measurements enables one to directly distinguish e-e interaction from weak localization and unravel the dominant transport mechanism.
In Fig. 7 the zero-field conductivity of the N-UNCD films is fitted based on Eqn. 10, which originates in 3DWL theory 39 and assumes a priori no explicit value of the exponent in the temperature power law. We find that in the sub-Kelvin temperature range, the conductivity data for both 10% and 20% N-UNCD films is well modelled by the 3D weak localization theory. The resultant 3DWL fitting parameters for both films are summarized in Table I . Note that the value of p in the exponent of the temperature power law is p = 4.0 − 4.8, which is somewhat larger than the previously mentioned estimates for p in the literature based on dephasing mechanism and dimensionality. However an exponent p = 4 has been seen previously in germanium nanowires 45 and disor- dered metals 46 and is attributed to 3DWL with electronphonon interaction in the presence of strong impurity scattering in the dirty limit 47 . Therefore, from the MR traces and conductivity data we come to the conclusion that in the temperature regime below 1 K, the 3DWL mechanism dominates the electronic transport over, but not excluding, e-e interactions. In the higher temperature range (see Fig. 7 ) the conductivity data deviates from the 3DWL fit as thermally activated VRH conduction starts to overtake. In this VRH regime, it is in principle possible to independently determine a localization length parameter by performing temperature-dependent resistivity measurements at a constant magnetic field 34, 48, 49 . To further confirm the 3DWL nature of the transport mechanism in our N-UNCD films, we performed weak localization measurements with the magnetic field applied perpendicular to the sample and compared it to weak localization measurements in the case where the field was applied parallel to the sample surface using a superconducting 3D vector magnet. As expected for a truly 3D material, the WL data (not shown) of these two distinct field-sample configurations gave identical results.
B. Temperature dependence magnetoresistance
Magnetotransport measurements on N-UNCD and B-NCD films have been reported previously, and it was shown that weak localization effects play an important role 21 . The theory of weak localization for 3D transport is different than for the 2D case [50] [51] [52] . To reiterate, since the thickness of the conducting films is much larger than both the elastic mean free path and the phase coherence length of electrons (even down to the lowest temperatures) in the diffusive N-UNCD material, we assume the 3D case and therefore 3DWL theory.
The theory of (anisotropic) 3DWL was established by Kawabata 53 . This theory was then extended by Bryksin and Kleinert 54 (B-K theory) to include the angular dependence of electronic transport, where the magnetic field can have an arbitrary orientation with respect to a set of superlattice (SL) planes 55 . The B-K theory has already been successfully applied to explain strong anisotropic WL effects in N-UNCD materials 56 , based on the idea of a disordered superlattice in the conducting regions of the material.
The motivation for the formation of a SL is based on the work of Ref. 57 , where a nitriding-induced rearrangement of the UNCD structure takes place, leading to the formation of diamond nanorods with a graphite shell. The authors claim that in highly nitrided films, it is most probable that either rods gradually form twodimensional arrays or favorable conditions appear for the formation of nanodisk-shaped carbon structures. Similar structures (nanowires and standing carbon platelets) were also reported in Ref. 15 . A recent paper also observed vertically oriented ribbon-like carbon nanowall structures in N-UNCD 58 . Indeed, the cross-sectional TEM results in the present work ( Fig.2(d) ) show clear evidence of vertically oriented dendritic or needle-like structure, leading naturally to the consideration of anisotropic conduction in the material.
Here, we present exactly that proposed model for the conduction in our N-UNCD films, in the context of a disordered superlattice-like structure 59 in the grain boundary. We further attempt to validate this reported 3DWL anisotropic model, used to explain the conductivity in our N-UNCD films, by investigating the temperature dependence of the phase coherence length 10, 11 .
At first, the 4 K MR data of the 10% and 20% doped N-UNCD films shown (blue/red) in Fig. 5 were fitted applying the 3D anisotropic WL approach based on a propagative Fermi surface (PFS) model. The PFS model was originally developed to explain transport in disordered artificial superlattices. In contrast, an anisotropic 3DWL approach in the diffusive Fermi surface (DFS) limit was recently used to explain the transport in nanocrystalline silicon films 60 to account for an artificially formed SL structure 61, 62 . This approach 63 yields the following basic expression for the conductivity (resistance) correction:
Here, x = /eB 4D || τ φ , σ 0 equals σ(0, T ), and R 0 equals R(0, T ), i.e. the temperature dependent conductivity (resistance) at zero magnetic field, α = D || D ⊥ is the anisotropy parameter, relating the diffusion constant parallel and perpendicular to the normal of the SL. We also define the Kawabata function f 3 (x):
where N is the Landau quantum number, i.e. the discrete energy levels occupied by cyclotron orbits of the electrons in a magnetic field. For the fit we chose N = 100 and σ(0, T ) = 57.3 S/m at T = 4 K for the 10% doped N-UNCD film.
However, the only way we could match the MR data with the fitting function in Eqn. 11 is by fixing the anisotropy factor to α = 0.01 (0.048 for the 20% doped N-UNCD film). The smallness of the parameter α is entirely determined by the unexpected smallness of the parameter σ 0 = σ(0, T ). We find that σ 0 = 2.8 S/m at T =36 mK, which is much lower than previous measurements on this material 10 at sub-Kelvin temperatures, where σ 0 was measured to be 1500 S/m. This difference in conductivity corresponds to a difference in α by a factor of ∼ 500, giving a value for α of 1-5 for previous results 59 . The discrepancy may be explained by the morphology of the assumed layers in the 10% and 20% doped N-UNCD films, which suggests that the assumed SL layers were perpendicular to the current direction. In other words, the interlayer (tunneling) current and its corresponding conductivity were measured.
Typically for an anisotropic model, the in-layer conductivity is much larger than the interlayer one with α > 1. But having applied the Kawabata model to our data assuming the 'Case I' superlattice configuration shown schematically in Fig. 8(a) , it was revealed that the proper fit can be achieved only if we take the value of the anisotropy parameter around α = 0.01, which contradicts the superlattice concept, leading to the conclusion that the in-layer conductivity becomes less than the interlayer one.
Therefore, we focused on the SL configuration of Case II ( Fig. 8(b) ), which is nothing but the claim that the measured conductivity was the interlayer one. The Kawabata model should not be applicable here because it was developed solely for the fixed (perpendicular) direction of the magnetic field in respect to the configuration of the layers. From the definition of the conductivity tensor components it follows that σ || = α 2 σ ⊥ .
Interestingly, for a SL configuration of Case I, both models (either 3D anisotropic WL or B-K theory) can be applied without loss of generality and the expected result should be the same. However, we have strong evidence that the present samples exhibit the SL configuration of Case II, which is consistent with the cross-sectional TEM micrograph ( Fig. 2(d) ) showing vertically oriented dendritic nanowire type structure. Therefore we accordingly Temperature dependent magnetoresistance data (points) for the 10% N-UNCD sample, and corresponding B-K fitting functions (solid lines) for T = 4.9 (red), 1.4 (green), 0.925 (blue), 0.32 (magenta) and 36 mK (black). Inset: Enlarged portion of the main plot that more clearly demonstrates, by fitting to a second-order polynomial, the deviation from quadratic behaviour past a very low threshold of magnetic field. consider the interlayer component of the conductivity under the condition that the magnetic field is directed along the layers. Having this in mind we utilised the advantages of the B-K approach on the base of which the arbitrary mutual layer-field configurations can be treated. Note that the standard WL approach is a perturbation approach, i.e. the most reliable fit should be expected in the low magnetic field region. As a consequence of that, we made the asymptotic B-K fit for the SL configuration of Case II and show the result of the fitting for five different temperatures in Fig. 9 . Note that the asymptotic B-K fitting formula transforms from Eqn. 20 (∆σ ⊥ (B)) in the B-K paper 54 to the following equation in case of ∆σ || (B):
where L(B) = /eB is the magnetic length and L φ,|| = D || τ φ is the phase coherence length parallel to the normal of the layers, i.e. along the current direction.
The result of the low-magnetic field approximation in the B-K theory is that the normalized conductivity change ∆σ || (B)/σ 0 follows a quadratic behaviour in the low-field limit. This implies that the fitting of the MR data in the high-field regime is by definition poor. Note that this is especially the case for the MR traces at the lowest temperatures, where the field-induced conductivity change is largest. Unlike anisotropic 3DWL (Kawabata) theory, where the high-field limit data can be approximated with a square root behaviour, we are left with extracting the phase coherence length from the fit to the data points in the low-field regime. Nevertheless, the high-field MR does follow a square root dependence on the magnetic field. Even considering these several factors, we must stress that no model appears to fit the experimental data with a great deal of certainty, and therefore it is entirely possible that more complex physics is yet to be elucidated in this system. Presently we are not aware of any magnetoresistance theory that can account for the behaviour of these N-UNCD films, other than the anisotropic superlattice model in BK theory. We have therefore applied that model here, with stated assumptions and caveats.
In Fig. 10 , we plot the extracted value of L φ,|| at each temperature. The data show that L φ,|| scales as T −0.7 which agrees reasonably well with 3DWL theory and reported values in the literature. In a subsequent publication we will report on recently observed resistivity anisotropy 64 of our N-UNCD films at low temperatures when performing angular-dependent magnetic field rotations (at fixed magnitude) using our 3D vector magnet.
IV. CONCLUSION
We have fabricated N-UNCD films of varying nitrogen content via CVD, with SEM imaging revealing that the morphology of these films changes as a direct result of this variation. We did not detect incorporation of nitrogen into the diamond grains within the limits of further XPS, RBS, and Raman spectroscopy measurements. The electrical conductivity in these films increases with N content, most likely due to an increase in sp 2 bonds within the grain boundaries. Electrical transport measurements show evidence for a regime of hopping conduction, and an anisotropic 3DWL regime at sub-Kelvin temperatures. Non-linear I-V curves below 0.5 K show evidence of a potential energy barrier for the transport in the N-UNCD material, where hopping transport is suppressed. Magnetoresistance measurements as a function of temperature revealed a power law for the phase coherence length, whose exponent agrees with the literature, confirming that the 3DWL model is indeed the suitable model to describe electronic transport in this material at such low temperatures.
It is clear that further work is required to fully and accurately characterise the morphology dependence of the transport mechanism in N-UNCD in the limit of temperature approaching absolute zero. A greater understanding may lead to a host of applications for N-UNCD devices which could exploit the quantum nature of, for instance, the spin associated with weak localization orbits. These films could also find application in low-cost magnetic field sensors based on their anisotropic magnetoresistance properties 65 or as electron emitters through field-emission 66 . Finally, improved understanding of the fundamental electrical properties of N-UNCD films may be also helpful in the development of implantable electronic devices 67 .
